A graphical method of analysis applicable to ligands that bind reversibly to receptors or enzymes re quiring the simultaneous measurement of plasma and tis sue radioactivities for multiple times after the injection of a radiolabeled tracer is presented. It is shown that there is a time tt after which a plot of nROI(t')dt'/ROI(t) versus J�Cp(t')dt' IROI(t) (where ROI and Cp are functions of Abbreviations used: NLSQ, nonlinear least squares; PET, positron emission tomography; ROI, region of interest.
time describing the variation of tissue radioactivity and plasma radioactivity, respectively) is linear with a slope that corresponds to the steady-state space of the ligand plus the plasma volume, Vp. For a two-compartment model, the slope is given by >.. + Vp, where >.. is the partition coefficient and the intercept is -l I[k2(l + Vp/>.. »). For a three-compartment model, the slope is >"(1 + BmaxlKd) + V r. and the intercept is -{(l + BmaxlKd)lk2 + [korl! + KdIBmax») -I } [ 1 + V J>.. (l + BmaxlKd)r 1 (where Bmax represents the concentration of ligand bind ing sites and Kd the equilibrium dissociation constant of the ligand-binding site complex, koff (k4) the ligand-Positron emission tomography (PET) is an imag ing method that allows sequential measurements of radioactivity in a region of interest (ROI) in vivo after an intravenous injection of a radiolabeled ligand. Several methods of analyzing PET data have been developed allowing comparisons to be made among experiments. One method is to assume a particular model in which a measured plasma input function governs the uptake of the labeled ligand. Model parameters can then be determined by a non linear least-squares (NLSQ) fit to the experimental data (see, for example, Carson, 1986) . Graphical methods of analysis applicable to ligands that are trapped in tissue for the duration of the experiment have been developed and applied by several inves tigators (Gjedde, 1981; Patlak et al., 1983; Wong et aI., 1984; Patlak and Blasberg, 1985; Gjedde et aI., 1986) . These methods are model independent and because of the simplicity of the calculation greatly facilitate the intercomparison of experimental data. Gjedde (1981) used a plot of ROI(t)/Cp(t) versus f� Cp(t') dt'ICp(t), which becomes linear for times in which the transport of radiotracer from plasma to tissue is unidirectional. This method was developed more formally by Patlak et al. (1983) , who showed that when the reversible part of a system that con tains at least one trapping mechanism approaches a steady state (at time tt), such a plot becomes linear for times t > tt. The slope and intercept can be related to the transport and binding constants of the ligand if a particular model is assumed. A variation of this presented by Patlak and Blasberg (1985) is a plot of ROI(t)/ROlrv(t) versus f� ROlrv(t') dt 'l ROlrv(t) , where ROlrv is the radioactivity from an ROI that does not contain the receptor or enzyme responsible for the irreversible trapping of the mol ecule. Wong (1984) introduced the plot of ROI(t)1 ROlrv(t) versus time, which can also be shown to be linear in pertinent systems.
Many new radiotracers currently being intro duced into PET are not trapped but have rapid dis sociation constants and a rapid efflux from tissue. A graphical method of analysis applicable to such sys tems is presented here. This represents an exten sion to receptor systems of the linear analysis ap plied by Gjedde (1982) to a two-compartment sys tem. As with the methods for irreversible trapping, no particular model structure is assumed. The method has been found to apply to PET data from e IC]cocaine studies in humans in which the maxi mum radioactivity is achieved 5 to 10 min after in jection with subsequent rapid washout.
THEORY AND METHODS
The kinetics of tracer amounts of labeled compounds in physiological systems can be described in terms of first order, constant-coefficient, linear differential equations. The input function is generally a bolus injection of the labeled compound. The arterial plasma radioactivity can be described as the driving function of the differential equations that govern the uptake and loss of the tracer. The distribution of the tracer in tissue is described in terms of compartments that can be either a physical vol ume or a chemical volume (i.e., tracer bound to a recep tor or enzyme). The time variation of the activity in multi compartment systems driven by an input function C (t) can be described by (Patlak and Blasberg, 1985) (defini tions of terms can be found in Appendix A)
where A is the column vector of concentrations (radioac tivities) for each compartment at time t, K is the matrix of transfer constants, and Q is the vector describing transfer of activity from plasma to tissue (for the models consid ered here, the only nonzero element of Q is k1). Patlak and Blasberg (1985) showed that Eq.
(1) can be written as
where UnT is a row vector of Is and A(t) = UnTA. Fol lowing Patlak, the total activity in the region of interest contains a contribution from the blood volume so that Patlak et al. (1983) has shown that for t > tt, A = -K -IQ Cp(t) (the steady-state condition). When this is valid, the last term in Eq. (4) has reached its constant value so that after some time a plot of J�ROl(t')dt' /ROl(t) versus J�Cp(t')dt' IROl(t) is linear with slope ( -UnTK -IQ + Vp) and intercept -UnTK-2 Q/(-UnTK-1Q + V p )'
Because the PET method measures the total radioactiVity within an ROI, only a limited number of parameters can be uniquely determined from any given study. As a con sequence of this, the models most frequently applied are the two-and three-compartment models shown below with transfer constants kl' k2' k3' and k4. When the three compartment model refers to an enzyme or receptor sys tem, the transfer constants can be related to the receptor (enzyme) parameters Bmax (the concentration of ra diotracer binding sites), Kd (the equilibrium dissociation constant for the radiotracer-binding site complex), ko ff (the ligand-binding site dissociation constant), and ko n (the ligand-binding site association constant). In this case, k3 = Bmax kon' k4 = k Off ' k31k4 = BmaxlKd' and Kd = koflkon. In terms of the two-compartment model (one tissue compartment with ligand concentration C 1 plus the input function Cp), the slope of Eq. (4) becomes A + Vp' where A is the partition coefficient (k/k2) and the inter cept is -1I[k2(1 + V JA»). For the three-compartment model (two tissue compartments, where C2 corresponds to a ligand bound to a receptor or enzyme), the slope is For comparison to the graphical method presented here, the model constants were also determined using a nonlinear fitting technique. The model equations were solved numerically using a modified divided difference form of the Adams-Pece formula (Shampine and Gordon, 1975) . Optimum values of the model parameters were found by a simplex search method (Press et ai., 1986) minimizing the sum of the squared differences between the measured PET value and the model prediction using a correction for the contribution of the blood volume to the total activity. The input function (plasma activity) was corrected for the presence of the metabolites of cocaine (Fowler et ai., 1989) . The sensitivity matrix was com puted and standard errors of the model parameters were estimated from the diagonal elements of the covariance matrix (Carson, 1986) . In all cases, the ratio kJlk 2 was fixed at the value found for the cerebellum.
Both the graphical and nonlinear least squares (NLSQ) analyses were applied to data from PET studies on four normal male volunteers (age range of 26-46 years) receiv ing tracer doses of 1!C-Iabeled cocaine ([N-1!C]-( -) cocaine) (6.5-10 mCi, 9-13 Il-g per injection). A second study on each individual was repeated at 2-3 h intervals after the first injection to test reproducibility and to set the stage for drug intervention studies. Arterial plasma samples were taken throughout the experiment for both studies and selected samples were analyzed for un changed [l1C]cocaine (for experimental details, see Fowler et ai., 1989) . Table 1 contains the results for the graphical anal ysis technique. Figure lA illustrates the model fit to time activity data for ROls from striatum and cer ebellum. Figure 1B is a typical example illustrating the graphical analysis applied to ROIs from the cer-ebellum and the striatum (subject Dt). The linear region begins at about 8 min after injection. The slope is greatest for the ROI from the striatum. Co caine binds principally to the dopamine transporter complex, which is present on the presynaptic dopa minergic neuron in the striatum (Kennedy and Han bauer, 1983) . Assuming that the cerebellum corre sponds to the two-compartment model shown above and the striatum to the three-compartment model in which C2 represents the receptor-ligand complex, the receptor parameter BmaxlKd (k3Ik4) can be determined from this analysis (see Table 2 ).
RESULTS AND DISCUSSION
Neglecting Vp (plasma volume), which is on the or der of 3-4% of brain tissue (Phelps et al., 1979) , and therefore represents a small contribution to the val ues given in Table 1 , BmaxlKd can be determined from the ratio of slopes for the two ROls (assuming A is the same for both regions). These results are reported in Table 3 . The variation in the slopes re ported in Table 1 between studies 1 and 2 was re markedly small, the largest being 11%. A greater variability in BmaxlKd was observed (Table 2) . This is not unexpected since Bmaxl Kd is obtained from the ratio of two values, each of which contains er rors and suggests that a better comparison might be the slope itself as long as the transport parameters k] and k2 have not been altered.
A comparison of the transport constants k] and k2
and their ratio A obtained from a nonlinear least squares fit using the two-compartment model for the cerebellum with results from the graphical anal ysis are presented in Table 3 . The results are in agreement, indicating that the graphical method For each subject, there was a 2-3 h interval between study 1 and study 2. The % variation in the slope between studies is reported as (study 1 -study 2)/study 1.
The equation of analysis is f�Ol(t')dt' /ROl(t) = slope f�Cp(t')dt' /ROl(t) + intercept for experimental scan times t such that t > t*.
For a two-compartment model, the slope is A + Vp and the intercept is -1I[k2(1 + AVp)] (A = k/k2). For a three-compartment model, the slope becomes provides essentially the same information as the model fit. The ratios k31k4 (BmaxIKd) are also com pared for the two methods. The model parameters k3 and k4 were determined individually using the NLSQ method; however, the standard errors were very large even though the ratios k31k4 were found to be stable. This dependence upon the ratio but not the individual values of the binding parameters is illustrated in Fig. 2 . The ratio was fixed at 0.77 while the value of k4 was varied from 0.4 (lower It is assumed that the cerebellum corresponds to a two compartment model and the striatum corresponds to a three compartment model so that ratio of slopes is (1 + BmaxlKd) or (1 + k3Ik4)' neglecting Vp, which is generally on the order of 0.04 and therefore small compared to the slopes reported here.
Assuming a 4% blood volume in both cerebellum and striatum, the average value of BmaxlKd was calculated to be 0.624. a Neglecting Vp; BmaxlKd = k31k4' curve) to 1. 6 min -I (upper curve), with little change in the resulting curves. This insensitivity to changes in k4 can occur when k4 is much greater than k2• The total tissue activity can be written in terms of the eigenvalues (a±) and the coefficients ('Yl , 2) (see Ta ble 4 and the appendices) as kt<"'11eCJ.+t + 'Y2eCJ.-� ® Cp(t), where ® denotes convolution. When k4 � k2'
and In this case, a+ depends only on k2 and the ratio k31k4' Table 4 gives the variation in the eigenValues and the coefficients for a range of values of k4 with k31k4 = 0.77 using fixed values of kl and k2. When k4 = 0.8 with k2 = 0.23, there is little further change in a+ or 'Yl' The 'Y2 term makes a much smaller contribution to the total radioactivity. (Note that without prior knowledge of kl and k2 or their ratio from the cerebellum, the activity in the striatum would appear to be a two-compartment model. The ratio k31k4 can only be determined if kllk2 is known.) In theory, k4 (koff) can also be determined from the intercept of the graphical method given by neglecting the correction for V p' However, for the The kinetic constants k. and kz are in units of min -. and A = k/kz, BmaxlKd = k3/k4' a Determined with the graphical method from the cerebellum. b Determined using a nonlinear least-squares fit to the cerebellum. c The large difference in BmaxlKd is due to the difference in A.
reasons discussed above, k4 could not be accurately Variation in the three-compartment model fit to tissue activity using a fixed value of k.jk4 while varying k4 from 0.399 min -1 (lower curve) to 1.60 min -1 (upper curve). The ratio was fixed at 0.77. The parameter values are given in Table 4 . Data are from subject A1.
J Cereb Blood Flow Meiab, Vol. 10, No.5. 1990 that binds to t-L opiate receptors. They were able to determine individual values for the receptor con stants k3 and k4 but the values found for k4 were not significantly different from the values for k2 as op posed to k4 � k2 as seems to be the case for cocaine.
They also found that a three-compartment model was required to describe binding in the occipital cortex, which has a negligible concentration of opi ate receptors. They suggest that the third compart ment represents nonspecific binding that does not rapidly equilibrate with the free ligand, as is the usual assumption (Mintun et al., 1984; Logan et al., 1987) . The cocaine data reported here for humans did not require the extra compartment for nonre ceptor regions although the cocaine data from stud ies in baboons did require such a model . One major difference between the ba boon and human data is that the disappearance of labeled cocaine from baboon plasma was signifi cantly faster than from human plasma and baboon plasma contained significant amounts of labeled carbon dioxide whereas human plasma did not. A The solution for the tissue activity of the three-compartment
where "1. = (k3 + k4 + (1+)/«1+ -(1_) and 'Yz = -(k 3 + k4 + (1_)/«1+ -(1_). Since k4 becomes much greater than kz, there is little variation in either "1. or (1+ while the contribution from the 'Yz term becomes increasingly small. For this reason, the curves in Fig. 2 (data are from subject AI) do not change very much since k4 is increased by a factor of 4. The ratio of k3/k4 was fixed at 0.77.
second difference is that the baboon studies were done with anesthetic (Fowler et aI., 1989) . The graphical technique presented here depends upon the constancy of the last term of Eq. (4), i.e., the intercept. The expression for the intercept when it has reached its constant (steady-state) value is
. Surprisingly, in this case, the slope shows little variation even when very early times are included in the calculation, while the variation in A(t)/C p (see Table 5 ) is much greater. This suggests that under certain conditions, the ratio of terms in the intercept effectively reaches the steady-state value before A(t)/C p ' We have investigated the variation of the intercept as the system approaches the steady state using the specific example of the three-compartment model.
In general, the condition for which A = -K -l Q Cp(t) depends upon the eigenvalues of the system such that e"'±t � 0 and I<x± I � the smallest exponent, I3q describing plasma activity. It is assumed that Cp can be represented as a sum of exponentials Cp = 'i.J]ke -�kt. Immediately following a bolus injection, plasma levels decline rapidly, characterized by large values for the exponent 13k' However, after 2 to 3 min, the plasma levels decline much more slowly and can be represented by a small exponent, Cp � Bq e-13qt• (See Patlak et aI., 1983, p. 4 for a discussion concerning steady-state conditions.) We will consider here the situation some time before the steady-state limit is reached. The exact expres- The kinetic constants used in the simulation were similar to those found for the striatal ROI in the [I l C]cocaine studies (kj = 0.48, k2 = 0.24, k 3 = 0.5, k4 = 0.67 in units of min -I) and predict a slope of 3.51. Including very early times in the calculation of the slope does not affect the outcome even though the variation in ROIlCp is substantial over these times. ROI/Cp approaches the same value as the slope when Cp is constant. When Cp is not constant, ROI/Cp -> k l (k 3 + k4)/[(a+ + (3q)«(C + (3q)], which is larger than the slope. The contribution from the term VpCp/(C1 + C� varied from 0.01 to 0.03 and therefore should have no no ticeable effect on the results.
a Data points falling between the initial time Ti and the final time Tf were used in computing the slope.
b Times for which ROIlCp were computed. sion for the intercept of the three-compartment model is given by
Neglecting VpCp/(C1 + C2) since it is much less than 1 (the plasma volume could also be approxi mated from literature values so that the plasma con tribution to the total activity can be subtracted from the data prior to analysis), the only time variation appears in C2/(CI + C2), which goes to 11(1 + Kdl Bmax) in the steady state. From simulation studies presented in Table 5 , the theoretical value of C2/(CI + C2) calculated from model parameters is within 2% of its steady-state value at 7 min after injection, while the value calculated for (CI + C2)/Cp at 8 min postinjection differs significantly from its steady state value (see Table 5 ). A comparison of the an alytical expressions for C2/(CI + C2) and (Cl + C2)/Cp provides some insight into why the former appears to reach its steady-state value before the latter. when plasma activity is constant or the exponent describing the plasma activity is small compared to the eigenvalues of the system. However, for C2/(CI + C2) since there are no terms involving (u± + I3q), the limiting value is 11(1 + KdIBmax). Furthermore from the form of the correction terms, the terms containing w in Eqs. (B3), (B4), and (B6), C2/(CI + C2) will be closer to its steady-state value than will (C l + C2)/Cp when lu+ /(k3 + k4)1 is small (=0.25 or less) even though w differs significantly from O. The model parameters found for cocaine predict that the absolute value of lu+ /(k3 + k4)1 is less than 0.1.
Consider for example that it has the value -0.1 with w = 2. The correction terms for Eqs. (B3) and (B6) are 1. 8 and 0.07, respectively, so that C2/(CI + C2) differs from its steady-state value by 7% while (C l + C2)/Cp is 2.8 times greater than its steady state value. For such systems, one expects that this method will yield reasonably accurate results even before A(t)ICp has reached its steady-state value.
CONCLUSIONS
We have presented a technique for the analysis of time-activity data from PET studies with ligands characterized by rapid transport and dissociation constants so that their uptake and loss by tissue is 
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APPENDIX B
The solution to Eq. (1) for the three-compartment model is
where (0:+) are the eigenvalues of the system (see Appen dix A fordefinitions of o:± and "11,2) and ® denotes con volution. As the steady state is approached, plasma levels from the bolus injection approach a slow monoexponen tial decline, i.e.,
where I3q is the smallest exponent (and therefore the most important one at later times). The Bk and 13k are con stants. (In the true steady-state limit, e"'" � 0 and o:± � I3q so that A = -K -I Q Cp.) Also, as the steady state is approached, terms involving e"'-' � 0 faster than terms 
